Introduction
One of the primary requirements in the design of a reverse osmosis desalination process is control of the concentration polarization (CP) level in the spiral wound elements. Though residence time distribution (RTD) studies indicate the presence of a significant axial dispersion effect in the flow through spiral wound modules, this effect is commonly ignored in concentration polarization models. The objective of this paper is to analyze the effect of axial dispersion on concentration polarization and permeate flow.
Dispersion coefficient results
Magnitudes of dispersion coefficients were measured by RTD tests carried out in two experimental systems [1] : • A laboratory size 2.5² diameter spiral wound module operated at 10-20 bar and feed water flow rates in the range of 210-940 L/h (Reynolds numbers of 50-220).
• An industrial size 8² diameter spiral wound module operated at 10-40 bar and feed water flow rates in the range of 1-10 m 3 /h (Reynolds numbers of of 50-370).
RTD data were obtained by conductometric measurement of the response to a NaCl pulse injected to the feed water. Axial mixing intensities were evaluated from experimental RTD measurements by fitting the data to two theoretical models: the simple axial dispersion (AD) model [2] and the more elaborate exponentially modified gaussian (EMG) model [3] . The EMG model provided a much better fit to the data. The deviation between experimental and calculated mean residence times based on the EMG curve fitting was in the range of 0.4-8% compared to 2-30% deviation for the AD curve fitting.
Experimental measurements showed that in both the laboratory size module and the industrial size module, the dispersion coefficient 
Effect of the dispersion level on the intensity of the CP
Theoretical analyses of permeate flow and wall concentration along the membrane in the presence of a dispersed flow were carried out assuming that the spiral wound module was a one-dimensional flat spacer-filled channel. The frictional pressure drop was evaluated using the friction coefficient relation proposed by Chiolle et al. [4] for flow through membrane channels. Mass transfer coefficients were evaluated from the correlation developed by Schock and Miquel [5] in their study of spacer filled flat membranes.
Material balances on the solvent and on the solute respectively are given by (1) (2) where A c is the cross-sectional area, U b the bulk velocity, l the axial length coordinate, J v the permeate flux, N the number of membrane sheets in the module, W the membrane width, C b the bulk solute concentration, D the dispersion coefficient and C p the permeate solute concentration.
The solute boundary conditions at the inlet and outlet of the module respectively are: 
Conclusion
The analysis presented in this paper indicates that axial dispersion can lead to a significant increase in the CP level and should be considered as a design parameter.
